Abstract: In this paper, we propose a G L−R × U (1) Lµ−Lτ gauge-symmetric model where G L−R is the left-right gauge symmetry and L i is the i−flavor lepton number. We use the spontaneous breaking (SSB) of U (1) Lµ−Lτ to resolve two discrepancies in the standard model: discrepancy in the measured muon anomalous magnetic moment and the small masses of left-handed neutrinos and its oscillations. The massive neutral gauge boson, Z µτ , arising from the SSB can provide additional contributions to the muon anomalous magnetic moment. In order to explain neutrino masses, we employ the low-energy inverse seesaw mechanism by adding three G L−R singlet fermions, S e,µ,τ . The light neutrino mass matrix from the inverse seesaw formula has a specific two-zero texture pattern referred in the literature as the Type-C two-zero texture, due to the U (1) Lµ−Lτ symmetry. This allows us to predict the values of the CP-violating Dirac phase, Majorana phases, and the absolute value of light neutrino masses in terms of the precisely measured mixing angles and mass squared differences. The model accommodates a quasi-degenerate spectrum of neutrino masses with inverted ordering. The calculated best-fit value of δ CP surprisingly matches with the current experimentally measured best-fit value of δ CP in [61] . At 1σ, the measured value of δ CP favors a θ 23 > π/4. At 1σ, most of the parameter space is within the cosmological bound on the sum of neutrino mass and the bound on the effective Majorana mass from neutrinoless beta decay.
Introduction
The standard model (SM) can explain most of the observed particle phenomena as we know today. However, there is evidence of new physics in unexplained phenomena such as neutrino masses and oscillations, dark matter, and discrepancies in the experimentally measured value of muon anomalous magnetic moment. One of the ways to build on SM is to extend its gauge structure with the simplest extension being that of an Abelian U (1) X symmetry. Standard model, in addition to its gauge symmetry, has some accidental global U (1) symmetries like the baryon number (B), flavor lepton numbers (L e , L µ , and L τ ), and the total lepton number (L = L e + L µ + L τ ). It is possible to promote some combinations of these symmetries to local gauge symmetries in an anomaly-free manner. These combinations are L e −L µ , L µ −L τ , and L e −L τ where the anomalies cancel among the different generations of leptons [1] [2] [3] [4] . Out of these three combinations, the most popular one for model building is L µ − L τ which has been used in . The U (1) Lµ−Lτ gauge symmetry has been used to explain leptogenesis [9, 35, 36] , dark matter [37] [38] [39] [40] [41] [42] , baryon asymmetry, cosmic neutrino spectrum, muon (g-2) [4, 34, 38, 40, 41, [43] [44] [45] , neutrino masses [4, 9, 22, 35, 38, 40, 46, 47] , and B anomalies at the LHCb and Belle experiments [37, 39, 48, 49] .
In this paper, we propose a U (1) Lµ−Lτ gauge model which can explain both the muon anomalous magnetic moment and the small neutrino masses. This strategy is suitable because a U (1) Lµ−Lτ gauge model automatically satisfies µ − τ permutation symmetry in the leading order thereby naturally accommodating a maximal θ 23 and a vanishing θ 13 . The U (1) Lµ−Lτ gauge symmetry is not an exact symmetry and must be broken due to the nonvanishing VEV of an L µ − L τ charged Higgs field. This spontaneous symmetry breaking (SSB) of the U (1) Lµ−Lτ then provides the necessary mass splitting and deviations from maximal θ 23 and vanishing θ 13 . Lepton flavor violations in L µ − L τ models is analyzed in [50] . The neutral gauge boson arising from the SSB, Z µτ , can provide additional contributions to rectify the discrepancy between the theoretically calculated and the experimentally measured values of muon g − 2. Z µτ will not couple to the electron or quarks making it insular to the constraints from hadron and lepton colliders. The scope of detecting Z µτ at the BELLE II [51] [52] [53] , NA64 experiment at CERN [54, 55] , and neutrino beam experiments [53] has been widely investigated in previous studies.
A series of CERN experiments and E821 experiment at the Brookhaven National Laboratory(BNL) have reported an anomaly between the experimentally measured value of muon (g-2) and its SM prediction. The strongest constraint in the g µτ − m Zµτ parameter space comes from the neutrino trident cross section [56] which is measured in the CHARM II [57] and CCFR experiments [58] . Constraints on Z µτ from LHC are analyzed in [59, 60] . In section 3, we show that accommodating muon g-2 strongly limits the breaking scale of U (1) Lµ−Lτ to be in the range 12-800 GeV.
One of the long-standing issues in physics is the existence of light left-handed neutrinos which the SM predicts to be massless. Neutrino oscillation experiments and cosmological observations have confirmed the existence of three flavors of neutrinos which mix with the values of oscillation parameters given in the table.2 which are the most recently updated values taken from [61] . The small neutrino masses can be elegantly realized by using seesaw mechanisms. In the type-I, -II, and -III seesaw models, the total lepton number is spontaneously broken at a high scale, Λ, which generates sub-eV masses via the seesaw formula m ν = v 2 Λ , where v is the electroweak scale. However, this also pushes Λ beyond the multi-TeV scales making the new physics inaccessible at the LHC. Using the spontaneous symmetry breaking of U (1) Lµ−Lτ to explain both muon anomalous magnetic moment and neutrino masses has been realized in various models in the context of Type I seesaw mechanism [34, 38, 40] . Since U (1) Lµ−Lτ has to be broken in the GeV scale, it is natural to prefer a low energy seesaw mechanism like the inverse seesaw mechanism over type-I, -II, and -III seesaw mechanisms.
The inverse seesaw mechanism often referred in the literature as the double seesaw mechanism is a low-energy seesaw mechanism in which low energy gauge singlet fermions, S, are added in addition to the right-handed neutrinos, N R , to obtain sub-eV left-handed neutrinos, ν L [62] [63] [64] [65] . In general, the number of sterile fermions can be different from the number of neutrino species. In the basis (ν L , N c R , S), the lepton mass matrix takes the following peculiar form.
where the matrices M N , m D , and µ are in general complex. In the hierarchy µ m D M , the effective light neutrino mass matrix can be approximated as
This is the inverse seesaw formula. As opposed to the Type-I seesaw mechanism, it is possible to have the right-handed neutrinos in the TeV scale thereby providing new physics which is testable at the LHC. In SM, it is not possible to achieve the peculiar pattern in eq.(1.1). The zero in (ν, S) positions of M ν is usually a result of additional symmetries beyond the SM gauge symmetry. An elegant realization of this peculiar form in eq.(1.1) can be found in the well-studied leftright symmetric (L-R) models [66] [67] [68] [69] [70] [71] as pointed out in [72] . In this class of models, the SM gauge symmetry is enhanced to
where B and L are baryon and lepton numbers respectively. An attractive feature of these models is the replacement of the ad-hoc hyper charge, Y , of the SM with the well-motivated B − L quantum number. Analogous to the left-handed fermion SU (2) L doublets in the SM, righthanded fermions are SU (2) R doublets in the L-R models. The L-R lagrangian preserves parity symmetry which is spontaneously broken at a scale well above the electroweak scale. L-R models also have a richer Higgs sector to enable these symmetry breaking patterns. The quark and charged lepton masses are obtained by introducing an SU (2) L × SU (2) R bi-doublet φ. In the minimal L-R model with gauge triplet Higgs, light neutrino masses are obtained by a combination of Type-I and Type-II seesaw mechanisms.
Putting all these ingredients together, we get an
Lµ−Lτ non-Abelian gauge theory which spontaneously breaks to SU (3) C ×U (1) em . We employ an L-R singlet but U (1) Lµ−Lτ charged Higgs, δ, to break the U (1) Lµ−Lτ completely. An SU (2) R doublet Higgs, χ R , spontaneously breaks G L−R to G SM and an SU (2) L × SU (2) R bi-doublet Higgs, φ, which carries out the further breaking of G SM to SU (3) C × U (1) em at the electroweak scale. In the fermionic sector, we add three righthanded neutrinos (N e , N µ , N τ ) and three L-R singlet fermions (S e , S µ , S τ ) where the subscript denotes their respective flavor lepton number. After SSB, the mass matrix in the basis (ν L , N R , S) takes the desired form in eq.(1.1) and the inverse seesaw formula can be used to calculate the approximate light neutrino masses. A parameter scan reveals that this model can only accommodate the inverted ordering of light neutrino masses with a quasi-degenerate hierarchy. In sections 2 and 4, we will discuss the model and the lepton masses arising from this model in detail.
The U (1) Lµ−Lτ symmetry restricts the form of Majorana and Dirac mass matrices m D , m N , and µ. m D and m N are restricted to be diagonal matrices whereas the matrix µ has zeroes in its (µ, µ) and (τ, τ ) entries. The approximate light neutrino mass matrix m ν calculated using the inverse seesaw formula, therefore, also has zeroes in its (µ, µ) and (τ, τ ) positions. This is one of the seven two-zero neutrino mass textures which can accommodate the current neutrino oscillation data, referred in the literature as the type C pattern. These patterns are studied in [73] [74] [75] [76] . In the context of U (1) Lµ−Lτ models, the type-C two-zero pattern is also realized in models where neutrino masses are radiatively generated [78, 79] . The two zeroes in m ν lead to four real relations that relate the precisely measured values of the mixing angles (θ 13 , θ 12 , and θ 23 ) and the mass-squared differences (∆m 2 21 and ∆m 2 )
to predict the CP-violating Dirac phase (δ CP ), the two Majorana phases (α 1,2 ), and the absolute values of the neutrino masses, m i . The effective Majorana mass of neutrinoless double beta decay (<m ββ >) and the sum of neutrino masses ( m i ) can be then calculated and compared with the constraints from neutrinoless beta decay and cosmology respectively. In section 5, it is shown that the major chunk of the parameter space is well within the current experimental bounds. As expected from the parameter scan, this analysis agrees with the quasi-degenerate, inverted ordering for neutrino mass spectrum and a prediction of δ CP close to the present central value. In contrast, the models based on Type-I seesaw mechanism [38, 40, 47] satisfy the type-C pattern of two-zero minor textures with vanishing (µ, µ) and (τ, τ ) entries in the inverse of neutrino mass matrix. The predictions of this texture is analyzed in detail in [47] .
In this section, we will discuss the G L−R × U (1) Lµ−Lτ gauge-symmetric model that we motivated in the introduction. In addition to the quarks and leptons in the L-R models, the fermionic sector contains three L-R singlet fermions: S e , S µ , and S τ where the subscript indicates their flavor lepton number. The Higgs sector has the usual bi-doublet Higgs, φ, which is the L-R analog of the SM Higgs doublet. The minimal L-R model has SU (2) L,R triplet Higgs fields ∆ L,R with a B − L charge of 2 which generate small neutrino masses through a combination of Type-I and Type-II seesaw mechanisms. In our model, we include SU (2) R doublet χ R with a B-L charge of −1 instead of the triplets to get the matrix m N in eq.(1.1). The triplets must be avoided to prevent Majorana masses for ν L and N R in eq.(1.1). The gauge group U (1) Lµ−Lτ is completely broken by an L-R singlet Higgs δ. Since δ is an L-R singlet, the U (1) Lµ−Lτ breaking scale is independent of both the electroweak and parity breaking scales. We choose δ to have an L µ − L τ charge of ±1 with both being identical choices. A choice of ±2 would lead to a block-diagonal neutrino mass matrix which cannot generate the desired oscillation patterns. The fermions and scalars in our models and their assignments under various irreps of the gauge group are given in Table. 1.
The full gauge invariant Lagrangian can be decomposed as
where L gauge , L f ermion , and L higgs are the canonically gauge-invariant kinetic terms for the gauge, fermionic, and Higgs sectors respectively. L yukawa contains the Yukawa interaction terms between the Higgs fields and fermions. V(φ, χ, δ) is the most general gauge invariant Higgs ponential involving the fields φ, χ R , and δ given in Appendix B.1.
where L gauge L−R is gauge-kinetic part of the L-R lagrangian and B is the gauge boson field associated with U (1) Lµ−Lτ . For the sake of simplicity, we ignore the possible kinetic mixing 
term between the Abelian gauge boson fields B and B .
where
The gauge invariant L yukawa containing all fermion-scalar interactions is given as
where i and j are the generation indices andφ = −iτ 2 φ * τ 2 i.
As in SM, we can use the non-vanishing VEV of the neutral Higgs fields to spontaneously break the gauge symmetry. The VEV of χ 0 , v, breaks the parity symmetry at a multi-TeV scale and the symmetry SU (2) R × U (1) B−L is broken into U (1) Y . Similarly, φ 0 1 and φ 2 0 also get non-zero VEV. For simplicity, we take the VEV of φ 2 0 to be zero. The VEV of φ 0 1 then enables the electroweak symmetry breaking. The Abelian gauge group U (1) Lµ−Lτ is spontaneously broken completely by the VEV of δ. The VEVs of the Higgs fields in this model can be summarized as
The VEVs in general can be complex but all phases can be absorbed away by gauge rotations associated with the generators T 3R , T 3L , B − L, and L µ − L τ which commute with the electric charge Q. The gauge symmetry is broken to the remnant U (1) Q after SSB and the Gellman-Nishijima formula for the SM gets modified as
The canonical Higgs kinetic terms in L higgs give rise to mass terms for gauge bosons after SSB. The gauge boson masses and mass eigen states are given in Appendix A.
Muon anomalous magnetic moment
The intrinsic spin magnetic moment of a fermion is defined as
where g is the gyromagnetic ratio which is predicted to be 2 for free fermions by the Dirac equation. Loop corrections to this value can arise from the interactions in a QFT which can give rise to the anomalous magnetic moment defined as
Calculation of lepton anomalous magnetic moments and its close agreement with experiments were one of the first major successes of QED. In the standard model, contribution to muon g-2 comes from various sectors such as QED, electroweak, and hadronic vacuum polarization effects. The non-perturbative strong interaction effects to muon g-2 is indirectly determined using the hadronic crossection in electron-positron annihilation thereby introducing uncertainties in the calculated value. This calculation is done in [81] which reports a value of a th µ = 1.1659179090(65) × 10 −3 . The anomalous magnetic moment of muon has been experimentally measured with high precision first in a series of CERN experiments and then by the E821 experiment at Brookhaven National Laboratory (BNL). The present average experimental value stands at a exp µ = 1.16592080(63) × 10 −3 [80] . This discrepancy, is one of the strongest established discrepancy with the standard model at 3.2σ significance. This has been an inspiration for a lot of model building beyond the SM. A lepton flavor violating Z was used to account for this discrepancy in [82] . The U (1) Lµ−Lτ gauge boson couples to the muon and can give rise to additional contributions in Fig.1(ii) . This contribution is calculated in [83, 84] to be
where the dimensionless parameter r is defined as the square of the ratio of Z µτ mass to the mass of muon ((M Zµτ /m µ ) 2 ). The discrepancy in the value of muon g-2 is accommodated by a wide range of values of g µτ and m Zµτ . When m Zµτ falls below 2m µ , Z µτ primarily decays into neutrinos and this region is mostly eliminated by neutrino interactions [85, 86] . The values of g µτ > 10 −3 is severely constrained primarily by the neutrino trident cross section in Fig.1 (i) [56] which has been measured in CHARM-II [57] and CCFR [58] experiments. Together, these constraints limit the region in g µτ − m Zµτ plane that can accommodate the necessary ∆a µ . The value of g µτ ≈ 5 × 10 −4 and 3 MeV<m Zµτ < 200 MeV can resolve the current discrepancy in the muon anomalous magnetic moment (∆a µ ). From eq.(A.4), this limits the value of VEV δ to be between 12-800 GeV. In the following section, we will use this range of values for δ to fit neutrino masses and oscillation parameters.
Neutrino masses and oscillations
Fermion masses are generated after SSB from the Higgs-fermion interaction terms, L yukawa , in eq.(2.4). The quark masses are given as
where h Q andh Q are in general 3 × 3 hermitian matrices which are diagonalized by unitary transformations with U u and U d matrices respectively. The mixing matrix in the quark sector is then given by U CKM = U † d U u . In the leptonic sector, the charged lepton mass matrix is diagonal and the masses are given by
where h L is a real diagonal 3 × 3 matrix as the phases can be absorbed by redefining the charged lepton fields. The Yukawa terms for the rest of the fermions are coupled. In the (ν L , N R , S) basis, the 9 × 9 mass matrix, M ν , has the form in eq.(1.1) with the 3 × 3 mass matrices m D , m N , and µ given by
The parameters appearing in eq.(4.3) can be complex but all the phases can be rotated away by redefining the fermion fields except for one which has to appear in one of the µ ij s. We will keep the phase in µ µτ by redefining it as µ µτ = µ µτ e iφ . Using the inverse seesaw formula in eq.(1.2), the 3 × 3 light neutrino mass matrix can now be approximated as
The light neutrino mass matrix is complex symmetric and is diagonalized by the U P M N S matrix such that diag{m 1 , m 2 , m 3 } = U † P M N S m ν U * P M N S . The matrix in eq.(4.4) is constrained by the experimental values of neutrino mass-squared differences, ∆m 2 21 and ∆m 2 31 , and the three mixing angles θ 12 , θ 13 , and θ 23 as tabulated in Table. 2. These are the most updated values as given in [61] . Additional constraints on CP-violating Dirac phase, δ CP , sum of masses, Σm i , and effective mass of neutrinoless double beta decay, < m ββ >, are discussed in detail in section 5.
In order to check if the matrix in eq.(4.4) can satisfy these constraints, we have done a parameter scan of this model using the following range of values for the model parameters
• We will restrict values for Yukawa couplings, y eµ and y eτ , to be between 0 and √ 4π. This keeps the couplings in the perturbative regime.
• As discussed in the previous section, we will restrict the VEV of U (1) Lµ−Lτ breaking Higgs, δ, to be between (12 − 800) GeV to resolve the discrepancy in muon (g-2).
• There is no restriction on L-R symmetry breaking scale. In order to have accessible new physics at LHC, we will restrict the VEV of L-R symmetry breaking Higgs, v, to be in the range • The value of phase φ is allowed its full range of (0 − 2π).
• The Majorana masses, µ ee and µ µτ , are treated as free parameters which can be as small as needed.
A parameter scan of the model shows that it can only accommodate inverted ordering of neutrino masses. A good point in the parameter space that can accommodate the best fit values of all the oscillation parameters and the muon anomalous magnetic moment is presented in Table. 1. As we will show in the next section, the presence of two texture zeros in the mass matrix does not leave a lot of leeway in the range of neutrino mass matrix entries. This is strongly seen in Fig.2 regarding the value of the phase φ which is restricted to ±(0.991 − 0.999)π despite being allowed its full range in the parameter scan. All the non-zero entries are of the order of 10 −2 eV. Attempts to keep all the entries of m ν in eq.(4.4) ≈ 10 −2 eV results in inverse relationships between α 1 and µ ee , α 1,2 and y eµ δ in Fig.3 and also that between µ ee and µ µτ in Fig.2 . This also results in the Majorana masses µ µτ and µ ee taking values in (10 4 − 10 13 ) eV range. Such relationships exist among other free parameters in the model that arise from similar considerations.
Predictions from texture analysis
The U (1) Lµ−Lτ gauge symmetry restricts the form of Dirac and Majorana mass matrices leaving the light neutrino mass matrix of the form in eq.(4.4). This mass matrix, m ν , in our model has two zeroes in its (µ, µ) and (τ, τ ) entries. A detailed study of possible neutrino mass matrices with such two-zero structures has been done in [73-75, 75, 76] where seven such patterns that can accommodate the current values of neutrino oscillation parameters are identified. Similar analysis of zero structures in the context of minimal extended type-I seesaw models are done in [77] . The pattern in our model is usually referred in the literature as the type C pattern. This pattern is also realized in many U (1) Lµ−Lτ models where neutrino masses are radiatively generated [78, 79] and in [46] . In [46, 78, 79] , the type-C pattern and its predictions are discussed in some detail. The two zeroes in m ν can give four real relations among the mixing angles, masses, Majorana, and Dirac phases. Using the precisely measured values of the three mixing angles and the two mass-squared differences, it is possible to predict the values of the remaining four parameters: the two Majorana phases (α 1,2 ), CP-violating Dirac phase (δ CP ), and the absolute values of neutrino masses.
In this section, we will show that this peculiar two-zero structure of the light neutrino mass matrix makes this model very predictive. The light neutrino mass matrix is complex symmetric and can be diagonalized through a bi-unitary transformation, U † m ν U * = diag{m 1 , m 2 , m 3 }. Since the charged lepton mass matrix is diagonal, we can identify the diagonalizing matrix of the light neutrino mass matrix m ν , U , to be the PMNS mixing matrix. Table 1 : A point in the parameter space that satisfies the experimentally measured best-fit values of mixing angles, mass-squared differences, and the CP-violating Dirac phase given in Table. 2 and muon anomalous magnetic moment given in eq.(3.3) is tabulated above. The values of Majorana phases α 2,3 , neutrino masses m i , the sum of neutrino masses m, and the effective Majorana mass of neutrinoless double beta decay m ββ are also given. The unphysical phases φ 1,2,3 that arise during diagonalization are also tabulated for completeness. Using the standard parametrization of the U P M N S matrix: 
1) the diagonalization conditions lead to two complex equations corresponding to the two zeroes in the neutrino mass matrix
where V is the CKM part of the U P M N S matrix. The full diagonalizing matrix U has Majorana phases α 2,3 and unphysical phases φ 1,2,3 such that U = diag{φ 1 , φ 2 , φ 3 }.V.diag{1, α 2 /2, α 3 /2}. The unphysical phases are absorbed into the left-handed charged lepton fields. We note that other studies of two-zero textures use a different parameterization for the U P M N S matrix with regards to the Majorana phases. The use of parameterization in eq.(5.1) makes it easier to compare our results with the results of the type-I seesaw model in [47] . The two complex equations in eq.(5.2) lead to four real relations which relate the three masses, three mixing angles, the CP-violating Dirac phase and the two Majorana phases. The unphysical phases φ 1,2,3 which arise during the diagonalization can also be uniquely determined as a function of mixing angles and mass-squared differences by demanding that (e, e), (e, µ), and (e, τ ) entries of mass matrix m ν are real. Since all the neutrino oscillation parameters including the unphysical phases can be uniquely determined as a function of mass-squared differences and mixing angles, the entries of m ν are tightly constrained by the current experimental data in its 3σ range. This can be particularly seen in the case of the free model parameter φ which is confined to the regions near ±π despite being allowed its full range during the parameter scan as seen in Fig.3 . The following analysis does not depend on the values of the parameters of the model such as the Yukawa couplings or the breaking scale of U (1) Lµ−τ . The results in this section are applicable to any model with type-C two-zero texture pattern.
The four relations in eq.(5.2) can be re-phrased as
where R 1 and R 2 are functions of mixing angles and the CP-violating Dirac phase The mass ratios, m 2,3 /m 1 , are given by the absolute values of R 2,3 in eq.(5.4). In Fig.5 , these ratios are plotted as a function of δ CP while keeping other oscillation parameters in their 1σ range as given in the Table. 2. From Fig.5 , we can see that only inverted ordering (IO) is allowed in our model. The value of mass ratios is around unity in this region hinting at a quasi-degenerate hierarchy of light neutrino masses with m 3 m 1 m 2 . Unlike the case of normal ordering, there is still an ambiguity surrounding the octant of θ 23 in the case of inverted ordering. We have made separate plots of mass ratios for both choices of octants. It can be seen that both octants accommodate complementary values for δ CP allowing octant sensitivity in our model. In fact, the current measured value of δ CP at 1σ slightly favors θ 23 > π/4. This is complementary to the case of normal ordering where the experiments favor θ 23 < π/4. A precise measurement of δ CP will result in a conclusive prediction of the octant of θ 23 in our model.
In [61] , the neutrino oscillation parameters are reported in terms of mixing angles, θ ij , CP-violating δ CP , and the mass-squared differences δm 2 and ∆m 2 defined as m 2 2 − m 2 1 and m 2 3 − (m 2 2 + m 2 1 )/2 respectively. The whole parameter space shown in Fig.5 is not accessible as additional constraints from mass-squared differences δm 2 and ∆m 2 narrows it down further. The values of δm 2 and ∆m 2 provides additional relations in terms of mass ratios
which can be solved to find the values of the light neutrino masses m i and the δ CP . The complex functions R 2,3 have some interesting symmetry properties with respect to its arguments θ 23 and δ CP . Since δ is the only phase appearing in R 2,3 , the absolute value of complex functions R 2,3 has the property |R 2,3 (δ)| = |R 2,3 (2π − δ)|. As seen in Fig.5 , this makes the mass ratios m 2,3 /m 1 symmetric about δ = π. However, the arguments of the complex functions, the Majorana phases α 2,3 , get inverted about δ = π, i.e., α 2,3 (2π − δ) = −α 2,3 (δ). Since δ CP enters eqs.(5.5) through |R 2,3 (δ)|, any set of choice for parameters θ ij , δm 2 , and ∆m 2 will accommodate two solutions, δ and 2π − δ, and their corresponding Majorana phases ±α 2,3 . Another subtle property is the invariance of |R 2,3 | under the simultaneous transformations tan(2θ 23 ) → − tan(2θ 23 ) and e iδ → −e −iδ .
Results
The plot of calculated δ CP as a function of θ 23 in its 3σ range is given in Fig.6 . As expected from the symmetries of R 2,3 , there are two solutions δ and 2π − δ for any choice of input parameters. The red bands show the uncertainty due to the error in the measured values of input parameters given in Table. 2. For θ 23 = π/4, δ CP is predicted to be π/2, 3π/2 irrespective of the values of other input parameters. The calculated best-fit (1, 2, 3σ) value (range) for δ CP is given in Table. 3. It is remarkable to notice that one of the best-fit predictions for δ CP , 1.31π, agrees with the experimentally measured best-fit value. As seen from Fig.6 , the current measured best-fit and 1σ range of δ CP mostly hint towards a value of θ 23 > π/4.
For any choice of parameters, we get two solutions for the Majorana phases ±α 2,3 corresponding to the two solutions for δ CP . Separate plots of the Majorana phases as a function of θ 23 for δ CP < π and δ CP > π are shown in Fig.7 Table 2 . The values of neutrino oscillation parameters in their best-fit, 1σ, 2σ, and 3σ ranges from the global 3ν oscillation analysis with inverted ordering for neutrino masses [61] .
denote the uncertainty coming form the nσ errors in the measured value of mixing angles and mass-squared differences. The best-fit (1σ, 2σ, 3σ) value(ranges) of α 2 /π and α 3 /π are ±0.65(±(0.4−0.75), ±(0.16−0.9), (−1, 1)) and ±0.49(±(0.35−0.7), ±(0.1−0.9), (−1, 1)) respectively. By solving eq.(5.5) and using the definitions of δm 2 and ∆m 2 , the mass spectrum of light neutrinos can be determined. The mass of lightest neutrino in the inverted order, m 3 , is plotted as a function of θ 23 in Fig.8 . As expected from symmetries, the plot is symmetric about θ 23 = π/4. The red bands show the uncertainty coming from the error in the measured value of mixing angles and mass-squared differences. The best-fit (1σ, 2σ, 3σ) value(ranges) of m 3 is calculated as 0.04((0.03 − 0.07), (0.027 − 0.24), (0.026 − ∞)). As seen from eqs.5.4, m 2 /m 1 = 1 at θ 23 = π/4. In order to obtain a finite mass splitting, the mass blows up at θ 23 = π/4. The model, therefore, predicts relatively large values for neutrino masses. The plot of the sum of the light neutrino masses, m, as a function of θ 23 along with the nσ uncertainty bands from the measurement of other mixing angles and mass-squared differences, is given in Fig.9 . A strong constraint on the absolute scale of neutrino masses comes from the cosmological constraint on the sum of light neutrino masses. Results from Planck experiment [87] reports an upper bound on the sum of neutrino masses of 0.23 eV. This upper bound is shown in Fig.9 as a black dashed line which eliminates a large region of parameter space in 3σ range of θ 23 but leaves most of the 1σ region in both octants largely untouched. However, recent studies of Planck data report more stringent upper bounds of 0.18 eV [88] and 0.15 eV [89] with analysis of polarization data bringing it as low as 0.12 eV [89] . Future cosmological data will be one of the first challenges facing this model The best-fit (1σ, 2σ, 3σ) value(ranges) of m is given by 0.169((0.153 − 0.248), (0.141 − 0.71), (0.133 − ∞)).
Another strong constraint on models with large light neutrino masses comes from the search of neutrinoless double beta decay. The effective Majorana neutrino mass, m ββ , which quantifies the rate of this rare process is defined as the values of mixing angles and mass-squared differences from the Table. 2 are summarized in the Table. 3. Analogous to the type C two-zero texture in our model, the L µ − L τ gauge symmetric models which employ type-I seesaw mechanism satisfy a two-zero minor texture allowing , mass of the lightest neutrino, m 3 , sum of neutrino masses m, and the effective Majorana mass of neutrinoless double beta decay m ββ in the best-fit, 1, 2, 3σ ranges using the values of mixing angles and mass-squared differences in Table. 2. similar predictions [38, 40, 47] . The two-zero minor textures where two zeroes are present in the inverse of the light neutrino mass matrix is studied in [91] [92] [93] [94] . The type-C two-zero minor pattern arising in the minimal L µ − L τ gauge symmetric type-I model is studied in great detail in [47] . The relations between the parameters, in this case, can be obtained by merely replacing the mass ratios m 2,3 /m 1 with their reciprocals in eq.(5.4). Complementary to our model, the type-I model only accommodates normal ordering with a quasi-degenerate hierarchy. Because of quasi-degenerate hierarchy in both models, the predictions are similar and most of the differences come from the different experimentally measured values of mixing angles and mass-squared differences for normal and inverted orderings. Unlike our model, the best-fit value of δ CP cannot be accommodated even at 2σ range. The mass of the lightest neutrino is also larger in the inverse seesaw model allowing a higher sensitivity to the bounds from cosmology and neutrinoless beta decay. Therefore finalizing the neutrino hierarchy, a more precise measurement of δ CP , or stronger bounds from cosmology and neutrinoless beta decay can distinguish between these two models.
Conclusion
By combining three popular ideas in model building, viz., the L-R symmetry, inverse seesaw mechanism, and L µ − L τ gauge symmetry, we propose the G L−R × U (1) µ−τ gauge symmetric model. The spontaneous symmetry breaking of the U (1) Lµ−Lτ allows us to resolve the discrepancy in the measurement of muon's anomalous magnetic moment and the longstand-ing puzzles of neutrino masses and oscillations. The best-fit point in the parameter space which accommodates the experimentally measured values of neutrino oscillation parameters and muon anomalous magnetic moment (∆a µ ) is given in Table. 1. The choice of inverse seesaw mechanism provides an added advantage of probing new physics from right-handed neutrinos in the multi-TeV scale.
The presence of two zeros in the neutrino mass matrix from the U (1) Lµ−Lτ symmetry makes this model very predictive by providing four relations among the precisely measured values of mixing angles and mass-squared differences to make predictions for CP-violating Dirac phase, Majorana phases, and the absolute value of neutrino masses. These predictions along with their uncertainties coming from the error in the measurement of mixing angles are given in Table. 3. We see that in this model, only inverted ordering with a quasi-degenerate ordering is allowed. The predictions of complementary values of δ CP in both octants of θ 23 allow us to have octant sensitivity in our model. The current experimentally measured best-fit value and 1σ range of δ CP mostly favor θ 23 > π/4. The prediction for δ CP from the best-fit values of mixing angles and mass-squared differences surprisingly agrees with the current experimentally measured best-fit value. The large values of light neutrino masses also make this model very sensitive to cosmological bound on the sum of neutrino masses and the effective Majorana mass bounds from neutrinoless double beta decay. Most of the parameter space in the 1σ range is allowed by these bounds as shown in Figs. 9 and 10.
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A Gauge boson masses and mixing
where the covariant derivatives are
The matrices σ are the three pauli matrices and B and B are the gauge boson fields associated with U (1) B−L and U (1) Lµ−Lτ respectively. The gauge boson masses and mixing are determined by the SSB of L higgs−kinetic given in the eq.(A.1). Since φ transforms nontrivially under SU (2) L and SU (2) R , the gauge eigen states W L and W R will mix to give mass eigen states W and W . Unlike the minimal L-R symmetric model, there is no mixing among the charged W fields because of the vanishing VEV of φ 0 2 . This is not a general feature of the model but a simplification we enforced. The masses of charged gauge bosons after SSB are given as
In the neutral gauge sector, we have four neutral gauge fields W 3R , W 3L , B, and B . Since δ is an L-R singlet, B does not mix with other gauge boson fields. After mixing, we get a massless photon field, γ, and three massive fields: Z, Z , and Z µτ . The masses of the massive neutral gauge bosons are calculated as
The mass eigen states after mixing are given as where the Weinberg angle θ W and the neutral mixing angle φ are given as
,
(A.6)
